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INTRODUCTION
In an earlier paper2 we have reported results demonstrating that changing
the concentrations of the carbon dioxide and oxygen with which the bloods
of sheep and goats are equilibrated has a measurable effect on the total
osmotic pressure of the true plasma. At constant oxygenation the osmotic
pressure of the true plasma is increased 0.9 milliosmoles/Kg H20 for each
millimole of C02/Kg H20 added to the whole blood. When the carbon
dioxide content of the whole blood is held constant, reduction of one milli-
mole of hemoglobin/Kg H20, (M.W. 17,000), lowers the osmotic pressure
of the true plasma by circa 0.3 milliosmoles/Kg H20.
From these data the effect of the exchange of the respiratory gases on the
osmotic pressure of the plasma as the blood passes through the pulmonary
capillaries can be calculated:
Am' = 0.9 ACO2 + A0.3 02 (1)
when am' represents the arterial venous difference in the osmotic pressure
of the true plasma in milliosmoles/Kg H20, ACO2 and A&02 the arterial-
venous differences in the C02 and 02 contents of the whole blood expressed
in millimoles/Kg H20.
Since CO2 and 02 are respectively given off and taken up in approxi-
mately equal amounts by the blood in its passage through the lungs, and
since CO2 exerts per millimole an osmotic effect three times that of 02, the
over-all effect of the exchange must be a reduction in the total osmotic
pressure of the plasma as the blood is arterialized in the lungs. For exam-
ple, when the respiratory quotient is one, each millimole of C02 added to
the blood per kilogram of water it contains should increase the osmolality
by 0.6 milliosmoles per kilogram of water. At 38° C., 0.6 milliosmoles per
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kilogram of water correspond to a pressure of 11.4 mm. Hg. Though this
increase in osmotic pressure of 0.6 milliosmoles represents a change of but
0.2% of the total, its absolute value may be of some interest in a discussion
of the water exchange between blood and the interstitial fluids. Further, if
the production of C02 results in an appreciable arterial venous difference in
osmotic pressure, as the results of experiments in vitro indicate to be the
case, the regulation of the elimination of C02 must play some r6le in the
maintenance of a constant osmotic pressure in the blood.
Considerations such as these prompted us to measure the difference in the
osmolality of plasma across the lungs in order to determine directly the
effect of the exchange of the respiratory gases on the osmotic pressure of
the plasma.
MATERIALS AND METHODS
With the aid of a fluoroscope, a catheter was passed into the right heart of a dog
anesthetized with Nembutal that had been heparinized earlier. Twenty cc. samples were
drawn simultaneously into well-oiled syringes from the right ventricle and the femoral
artery. Ten dogs were so studied. A part of each sample was transferred under oil into
tubes and the cells separated by centrifugation at 380 C. The oxygen and carbon
dioxide contents of the remainder were determined in the usual way with the Van
Slyke-Neill apparatus. The water content of the blood was measured by drying a
known volume of blood to constant weight in an oven at 1150 C. The freezing point
of the plasma was measured with the Fiske osmometer.* The instrument gives readings
in terms of milliosmoles/Kg. H20. One milliosmole/Kg. H20 is equivalent to a
freezing point depression of 0.001858° C.
RESULTS
The results of our study are summarized in Table 1. Each value in the
column head (m'), is the average of about five measurements of osmotic
pressure on each plasma sample. In every case the plasma of the blood
drawn from the right ventricle had a freezing point lower than that of the
arterial plasma. The difference between the two osmolalities ranged from
0.5 to 1.9 milliosmoles/Kg H20. In the eight cases in which the oxygen
contents of the two bloods was determined as well as the C02, the blood
took up on the average 1.59 millimoles of oxygen and lost 1.48 millimoles of
C02/Kg H20 in its passage through the lungs; at the same time the average
decrease in the osmolality of the plasma was 1.2 milliosmoles/Kg H20. The
decrease in osmolality calculated according to Equation 1 is 0.85 millios-
moles/Kg H20. Inasmuch as the values expressed in Equation 1 were
* Built by the Fiske Associates, Inc., 44 Bromfield Street, Boston 8, Massachusetts.
55YALE JOURNAL OF BIOLOGY AND MEDICINE
obtained from the results of experiments on sheep blood, there is the possi-
bility that the discrepancy between the calculated and observed values is not
due entirely to errors in analysis, but in part to some difference between
the hemoglobins of sheep and dogs with respect to the magnitude of the
osmotic effect of oxygenation and reduction.
DISCUSSION
Whenever the ion distribution and osmotic balance between plasma and
the interstitial fluid are described in terms of a Donnan equilibrium, the
TABLE 1. CO2 AND 02 CONCENTRATIONS ARE GIVEN IN MILLIMOLS PER KG OF
WATER; THE OSMOTIC PRESSURE IN MILLIOSMOLALITIES
Arterial blood Venous blood ACOS AOQ Am'
COJ 0 m' COs 0, m' measured calculated
29.8 294.3 31.2 295.3 +1.4 +1.0
26.8 8.6 299.7 28.6 7.0 301.3 +1.8 -1.6 +1.6 +1.1
32.1 6.5 300.7 33.6 4.1 301.5 +1.5 -2.4 +0.8 +0.6
27.7 297.0 29.2 298.7 +1.5 +1.7
26.7 5.0 300.2 28.4 3.5 301.8 +1.7 -1.5 +1.6 +1.1
26.4 6.0 301.0 27.4 4.8 301.5 +1.0 -1.2 +0.5 +0.5
29.6 6.8 304.7 31.2 5.9 306.6 +1.6 -0.9 +1.9 +1.2
28.6 8.8 300.4 30.3 6.5 301.0 +1.7 -2.3 +0.6 +0.8
31.5 6.4 300.6 32.9 5.4 302.1 +1.4 -1.0 +1.5 +1.0
30.1 6.4 300.6 31.2 4.6 301.7 +1.1 -1.8 +1.1 +0.5
assumption is made that the freely diffusable solutes exert no osmotic effect
other than that which results from their distribution in the presence of the
non-diffusable proteins, i.e., that with respect to them, the system is in
thermodynamic equilibrium. Since the protein concentration of plasma is
higher than that of the interstitial fluid, the osmotic pressure of plasma is
considered to be higher than the osmotic pressure of the interstitial fluid by
about 15 mm. Hg, a difference in milliosmolality of 0.8. If the milliosmolal-
ity of the plasma is 300.0, that of the interstitial fluid should be 300.0 - 0.8
or 299.2. If we assume these values to be representative of the conditions at
the venous end of the capillary, the osmolality of the blood at its arterial end
must be, according to the results reported above, less by about 1.0 millios-
moles or 299.0 milliosmoles, as opposed to 299.2 which is the value assigned
to the interstitial fluid. If these data are illustrative of conditions at the two
extremities of a capillary the difference in osmotic pressure due to the
difference in protein concentration on the two sides of the capillary mem-
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brane is matched or reversed by the lower concentration of carbon dioxide
in the arterialized blood. There is the further possibility to be considered,
i.e., that in an actively metabolizing tissue the CO2 concentration in the
plasma at the venous end of the capillary may fail to come into equilibrium
with that of the interstitial fluid with the result that the osmotic pressure
difference due to the proteins is offset at the distal end of the capillary
as well.
To evaluate the role of the carbon dioxide in the regulation of the osmotic
balance of the body fluids as an aspect of the general economy of the organ-
ism consider the case of a man weighing say 70 kilograms on an average
diet. He produces every 24 hours between 15 and 30 osmoles of C02, circa
0.5 of an osmole of urea, whilst ingesting and eliminating 2 kilograms of
water and 0.5 of an osmole of salts. These materials, together with others
quantitatively less important, are added to and removed from the internal
environment which can be represented as a solution of approximately 15
osmoles in 50 Kg of water. Despite the magnitude of the turnover, the
osmolality of this internal environment varies but a few milliosmoles per
kilogram of water. The standard deviation of the osmolality of arterial blood
of male dogs is + 2.7 milliosmoles per kilogram of water, as calculated from
the data of Table 1, an observation that is in good agreement with the data
of Margaria,1 who measured the osmolality of blood in men and women by
means of Hill's thermopile. The loss of water is a continuous process,
whereas the intake is discontinuous, accordingly, small fluctuations in
osmotic pressure of the fluid of the internal environment are to be expected.
As CO2 is quantitatively the most important item in the daily osmotic
balance, the constancy of the osmotic pressure of the body fluids must
depend upon the proper regulation of the elimination of this gas; this regu-
lation of the rate of elimination appears to be primarily directed toward the
maintenance of the constant pH of the blood. The production of CO2 by
the tissue cells tends to upset both the hydrogen ion concentration and the
osmolality of the internal environment but, so far as the evidence goes, its
rate of elimination is regulated through receptors that meter the pH and
not through osmoreceptors. The regulation of the hydrogen ion concentra-
tion appears to have a priority over that of osmotic pressure in the deter-
mination of the rate of elimination of CO2; the maintenance of a constant
osmotic pressure appears to be a by-product of the regulation of pH.
However, the mechanisms regulating pH also serve the purpose of
osmotic regulation. Three circumstances may be cited: (i) As blood passes
through the tissues, oxygen is released and CO2 taken up. This uptake of
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C02 tends to increase both the osmolality and the hydrogen ion concentra-
tion of the blood, whereas the simultaneous reduction of the blood tends to
buffer both the pH and the osmolality. If the oxygenation and reduction of
the hemoglobin were without effect on the osmolality of the blood, the addi-
tion of 1 millimole of C02 to 1 kilogram of water of the blood would in-
crease the osmolality 0.9 milliosmoles/Kg H20. The actual change, to the
contrary, according to equation 1, for an R.Q. of 0.86 will be
0.9 -.3/0.86 or 0.55 milliosmoles/Kg H20
(ii) Whenever organic acids, such as lactic or keto acids, (A-), enter the
blood, both its pH and osmolality tend to be disturbed, whilst the reaction
HA + Na+ + HCO >- Na+ + A- + H20 + C02
with the elimination of C02 through the lungs tends to restore both toward
their original value. (iii) When the alkali reserve of the plasma drops,
the kidneys react by excreting ammonium chloride, thus increasing the
(HCO3) (Cl-) ratio leaving the sum (HCO) + (Cl-) unchanged, i.e.,
the alkali reserve is increased but the osmolality is held constant.
Since the rate of elimination of CO2 through the lungs is regulated
through the respiratory system, the role of that system in the maintenance-
of the constant osmolality of the blood merits some consideration. Assume
for purposes of discussion that the elimination of the main metabolic end
product, C02, as a gas was not possible and that it was necessary to elimi-
nate it in solution, as is the case for urea. To excrete 15 to 30 osmoles of
C02 produced each day in isotonic solution would require between 50 to
100 liters of water; if the animal were equipped with organs as competent
in performing osmotic work as the kidneys, about 10 liters of water would
still be required for the elimination of all of the C02 produced in a single
day. Thus the ability of the animal to eliminate C02 as a gas provides an
inexpensive path for the excretion of the major metabolic end product with
a loss of as little as 300 ml. of water through evaporation.
The capacity of the kidney to produce a hypertonic urine is generally
recognized as a feature of fundamental importance to the over-all economy
of the terrestrial animal, for it enables him to conserve water. This con-
servation is further enhanced in some forms by the elimination of uric acid
as the end-product of protein metabolism, which is excreted in a solid form
after reabsorption of water from the cloaca. Of at least equal importance in
the successful invasion of the land by animals are the physicochemical
properties of C02 that permit the elimination of the bulk of their metabolic
end products with a minimal loss of water.
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SUMMARY
The freezing point depression of arterial and venous plasmas across the
lungs has been measured in 10 dogs. The osmotic pressure of the arterial
plasma is, on the average, 1.2 milliosmols per Kg of water lower than that
of the venous plasma. The significance of this finding in relation to the
osmotic balance between blood and interstitial fluids is discussed and the
role of the regulation of CO2 elimination in the maintenance of a constant
osmotic pressure of the internal environment is also considered.
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